For the monitoring of the global 3-D distribution of aerosol components, we developed the method to retrieve the vertical profiles of water-soluble, light absorbing carbonaceous, dust, and sea salt particles by the synergy of CALIOP and MODIS data. The aerosol product from the synergistic method is expected to be better than the individual products of CALIOP and MODIS. We applied the method to the biomass-burning event in Africa and the dust event in West Asia. The reasonable results were obtained; the much amount of the water-soluble and light absorbing carbonaceous particles were estimated in the biomass-burning event, and the dust particles were estimated in the dust event.
INTRODUCTION
Aerosols have significant impacts on the Earth's radiation budget. It is essential to investigate the spatial and temporal variability of the microphysical and optical properties of aerosols.
The remote sensing from the space has a role to monitor the aerosols in the global scale. The satellite-borne passive sensor, such as MODIS, provides the global distribution of the columnar properties of the aerosols [1] . The active sensor onboard the satellite, such as CALIOP, can capture the vertical profile of aerosols [2] . A synergistic remote sensing using both the passive and active sensors makes up for each other's weak points and have an ability to provide the better result of aerosols. For example, the aerosol vertical profile is assumed in the retrieval using the passive sensor although the radiance observed by the passive sensor depends on the vertical profile. The active sensor can provide the information of the vertical profile.
We are developing a new method to retrieve the vertical profiles of aerosol components by the synergy of CALIOP and MODIS. The data and the retrieval algorithm are described in Sect. 2. Two case studies are shown in Sect. 3. Finally, the results are summarized in Sect. 4.
METHODOLOGY

Data
The CALIOP data used in this study is the attenuated backscatter at 532 and 1064 nm, the depolarization ratio at 532nm, and the vertical feature mask of the CALIPSO Lidar Level 1B and 2 Products Version 3. The vertical resolution is 120 m. The horizontal resolution is 1 km. The MODIS data is the radiances in band 1 (620-670 nm) and 2 (841-876 nm) of Level 1B Calibrated Radiances (MYD021KM). The horizontal resolution is 1 km. We selected the radiance scattered from a point near the CALIOP observation and used it for the retrieval.
We used the auxiliary data in the forward modeling of the aerosol physical and optical properties, the CALIOP and MODIS data. The data is the pressure, the temperature, the relative humidity, and the surface wind speed on the ocean derived from the GEOS-5 meteorological data product. In calculating the radiance on the land, the surface albedo of the MODIS global albedo product (MCD43C3) was used.
Retrieval algorithm
We assumed four aerosol components, watersoluble (WS), light absorbing carbonaceous (LAC), dust (DS), and sea salt (SS). These are the major components in the atmosphere and have different particle sizes and light absorption characteristics. The vertical profiles of the extinction coefficients of four components are retrieved by simultaneously optimizing their vertical profiles of the dry volume concentrations, and their vertically mean dry mode-radii to the CALIOP and MODIS data. The optimization is EPJ Web of Conferences 176, 08012 (2018) https://doi.org/10.1051/epjconf/201817608012 ILRC 28 conducted by the method developed by Kudo et al. [3] . This method optimizes the parameters by minimizing the objective function defined as
where vector yobs is the CALIOP and MODIS observation data, vector x comprises the dry volume concentrations and the vertically mean dry mode-radii of WS, LAC, DS, and SS, vector y(x) is the calculated values by the forward model, matrix W is the standard errors in the observations, vector ya is the constraints to x, and matrix Wa is parameters to determine the strength of the constraints.
Our developed forward model consists of three parts. In the first part, the aerosol optical properties are calculated from the dry volume concentrations and the vertically mean dry moderadii. Other two parts are the calculations of the CALIOP and MODIS data.
The particle shape of WS, LAC, and SS were assumed to be spherical. The DS was assumed to be the randomly oriented spheroids [4] . The LAC was assumed to be a core-gray shell model, which is an internal mixture model, and its optical properties are better than those of the core-shell model and the homogeneous internal mixture model [5] . We defined the WS as the shell around a core of LAC, and the shell-core ratio was fixed by 1.5. This lies among the values observed in the A-FORCE aircraft campaign [6] .
The size distribution of each component was assumed to be a lognormal function, and the values of the standard deviations were given from the database of OPAC [7] . The vertically mean dry mode-radii of WS, LAC, and DS are parameters to be optimized. We assumed that the dry mode-radii of WS and LAC are same. The dry mode-radius of SS was parameterized by the surface wind speed on the ocean [8] .
The refractive index of WS and SS were given form the OPAC [8] . The refractive index of LAC was given form the measurements reported in [9] . The refractive index of DS is given from the result of the ADEC project [10] .
Before calculating the optical properties from the size distribution and the refractive index, the volumes and mode radii of WS, SS, and the shell of LAC are increased by the hygroscopic growth depending on the relative humidity of the ambient condition. Their growth factors and the refractive index for the particle mixed with the water were given from the database of OPAC [8] .
The optical properties of WS and SS were calculated using Mie theory. The optical properties of LAC were calculated using the stratified sphere Mie code [11] . The optical properties of DS are calculated by using the data table developed by [4] .
The attenuated backscatter coefficients for co-and cross polarization are calculated by the lidar equation. The radiances are calculated by PSTAR, a vector radiative transfer model developed by [12] .
We constrained the range that the values of x can be by some methods. The smoothness of the vertical profiles of WS, DS, and SS are given by
where V is the dry volume concentration at the altitude z for j = WS, LAC, DS, and SS.
We assumed that the vertical profile of LAC has a similar shape to that of WS and introduced the shape constraint for LAC by,
In general, it is considered that the aerosol optical depth (AOD) of LAC is smaller than that of WS. This inequality was introduced by using the penalty function,
where τ is the aerosol optical depth.
When the AOD of LAC approaches to the AOD of WS, the penalty function rapidly increases.
The retrieval of the dry mode radii of WS, LAC, and DS is very challenging. In the numerous tests of our algorithm using the simulated and actual data of CALIOP and MODIS, the mode-radii can be retrieved from the noiseless data of CALIOP and MODIS. The retrieval of the mode-radii was influenced by the noise of CALIOP data. For the stable retrieval, the a priori values of the dry mode-radii for WS, LAC, and DS are given by,
where r is the dry mode-radii, and ra is a priori values for j = WS, LAC, and DS.
Based on the above mentioned forward model and constraints, the dry volume concentrations and the vertically mean dry mode-radii of WS, LAC, DS, and SS are optimized to the CALIOP and MODIS data. Finally, the extinction coefficients of each component are output.
RESULTS
Two case studies of the biomass-burning and dust events are presented. Figures 1 and 2 show the case of the biomass-burning event in Africa. The CALIPSO satellite passed by the region where the fires are active (Figure 1 ). The retrieved extinction coefficients are characterized by the large values of WS and LAC ( Figure 2 ). In general, the large amount of the fine particles and the strong light absorbing property are observed in the biomassburning event.
Figures 3 and 4 show the case of the dust event in West Asia. The CALIPSO passed by the desert region ( Figure 3 ). The retrieved extinction coefficient was characterized by the large value of WS and DS.
CONCLUSIONS
We developed the synergistic method to retrieve the vertical profiles of aerosol components from the CALIOP and MODIS data. The products are the extinction coefficients of WS, LAC, DS, and SS. Two case studies for the biomass-burning and dust events showed the consistent results with each scene. We will apply the method to the longterm data of CALIOP and MODIS to investigate the global 3-D distributions of aerosol components.
We plan to apply our method to the high spectral resolution lidar and the imaging spectral radiometer onboard the EarthCARE satellite (Earth Clouds, Aerosols and Radiation Explorer) [13] . The lidar ratio derived from the high spectral resolution lidar is expected to improve the retrieval of LAC because the lidar ratio significantly depends on the light absorption particles. 
